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We have investigated the plasmonic enhancement of the radiation field at various nanostructured
multilayer devices, that may be applied in surface enhanced Raman spectroscopy. We apply an
image dipole method to describe the effect of surface morphology on the field enhancement in a
quasistatic limit. In particular, we compare the performance of a nanostructured silver surface
and a layered silver–gold hybrid device. It is found that localized surface plasmon states (LSP)
provide a high field enhancement in silver–gold hybrid devices, where symmetry breaking due to
surface–defects is a supporting factor. These results are compared to those obtained for multi–
shell nanoparticles of spherical symmetry. Calculated enhancement factors are discussed on the
background of recent experimental data.
I. INTRODUCTION
Many spectroscopic methods studying molecular struc-
tures and processes on nanoscopic surfaces exploit the en-
hancement of the radiation field, resulting from the dis-
tinct local properties of the light–matter interaction.1,2
Surface enhancement is associated with localized surface
plasmon3,4 states (LSP), i. e. the excitation of collective
oscillations of the free electron gas inside rough metallic
surfaces. Here, typical effects of surface enhancement are
limited to the proximity of a surface.
A typical example for surface enhanced spectroscopy
is surface enhanced (resonant) Raman spectroscopy
[SE(R)RS],5 where laser light of amplitude E, that is
locally amplified in the vicinity of a rough surface, is
scattered by molecules attached to the surface. The re-
lated Raman scattered light is also enhanced and, given
that the magnitude of the field enhancement is compa-
rable at the frequencies of the incident and the scattered
light, the total enhancement of the Raman intensity is
proportional to the fourth power6 of the enhancement
of E. However, the field enhancement factor decreases
rapidly with the distance d to the active surface, since
the amplified electromagnetic field decays with the third
power of this distance.7
The resultant enormous sensitivity of this surface en-
hanced spectroscopic method allows analysing molecular
species at metallic surfaces and monitoring their inter-
facial processes. Thus, such techniques have gained in-
creasing importance in various field of fundamental and
applied sciences such as analytical chemistry, catalysis,
biophysics, and material sciences.8,9 A drawback of this
technique is the restriction to coinage metals as only for
Au, Ag, and Cu a significant enhancement is obtained
upon excitation in the visible (VIS) and near–infrared
(NIR) spectral region. Among them, Ag exhibits by
far the best optical performance in the VIS/NIR. This
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FIG. 1: (color online) Schematic presentation of the hybrid
device geometries for the models used in this work. The de-
vice consists of a Ag core, a self–assembled monolayer (SAM),
a Au layer and a second SAM. The Ag–only device is ob-
tained from the hybrid by omitting the Au and outer SAM
layer. The incoming electric field is assumed to be homoge-
neous in the near–field region. a) In the non–concentric model
a dipole is placed in the center of a spherical region (dipole
approximation of spherical nanoparticle response). The dif-
ferent regions are modelled such that a Ag substrate, with a
hemisphere on top modelling the surface roughness, is covered
by other layers. For the description, the original dipole has to
be mirrored at each interface and due to symmetry breaking
an infinite number of image dipoles arises. b) In the concen-
tric model the metallic core is coated with several spherical
layers. In this fully spherical, high symmetry model, only the
dipole mode contributes and no image dipoles arise.
metal, however, displays a poor chemical and electro-
2chemical stability such that its importance for analytical
and specifically bioanalytical applications of SER spec-
troscopy is limited. For this reason and also for expand-
ing the applicability of this method to other metals, lay-
ered hybrid systems have been designed. These devices
are based on a nanoscopically rough massive Ag support,
coated by a thin dielectric film and an outer Au layer.10
It was shown that the wavelength–dependence of the en-
hancement factor for the Raman scattering of molecules
immobilised at the outer Au layer is essentially controlled
by the optical properties of the Ag support.11 Moreover,
the magnitude of the enhancement was comparable to
that for molecules directly adsorbed on Ag12 despite the
separation of ca. 20 nm from the active surface. These
results point to the possibility that optical and chemi-
cal properties of different metals can be advantageously
combined, thereby paving the avenue for novel applica-
tions of SER spectroscopy.
The de–novo design of such devices and the optimisa-
tion of the optical properties would strongly profit from
a deeper understanding of the underlying enhancement
mechanism which is the central objective of the present
work. Here, we have developed a theoretical approach
to describe the field enhancement at model systems that
mimic the nanoscopically rough Ag and Ag–Au hybrid
electrodes employed in experimental studies. In these
model systems, the roughness of the real electrode surface
is approximated by spherical or semispherical geometries,
denoted as concentric and non–concentric model, respec-
tively (Fig. 1). The various components of the layered
devices include Ag, self-assembled monolayers (SAMs) of
mercaptanes, Au, and water and possess specific dielec-
tric properties.
A critical aspect of the theoretical model refers to the
description of the Ag surface roughness. In the non–
concentric model we have considered a hemisphere on a
flat surface whereas the outer Au layer is taken to be
flat. This approximation is justified since the Au sur-
face roughness in hybrid electrodes is lower than that
of the Ag surface.12 Nevertheless, this model provides a
more realistic picture of the real electrodes than the con-
centric model. The latter represents a useful reference
system for sorting out the effects of symmetry breaking
that are supposed to have a large effect on local field
enhancement.13 In this low–symmetry approach, higher
multipoles contribute to the field enhancement in con-
trast to the concentric multi–shell model, where only the
dipole mode is excited7 and the field distribution displays
this symmetry.
The near–field properties of the electromagnetic field typ-
ically dominate the optical interaction in nanostructures.
Both of our models are, therefore, examined in a qua-
sistatic limit, where the electrical field becomes longitu-
dinal E = −∇Φ, retardation effects are excluded and the
homogeneous Poisson’s equation ∆Φ(r, ω) = 0 is solved
in frequency space for the geometries depicted in Fig. 1.
The article is organized as follows: In section II we
outline the dielectric response function used to describe
the metal layers. Subsequently, in section III, the im-
age dipole approach for a multilayer structure in a non–
concentric geometry and the concentric model are dis-
cussed. We present the results for the devices in both
models in section IV.
II. DIELECTRIC FUNCTION
An incident electric field causes polarization inside the
material. The response of the system is described by its
dielectric function ε(r, ω). For metals this function is of-
ten modelled on the basis of the Drude model for the
free electron gas in a single band (intraband effects14).
However, with increasing frequency ω the contribution
of excited d–band electrons (occuring interband transi-
tions) becomes important for metals as well15 and has to
be included for a realistic characterization of the metal-
lic response function. We, therefore, write for metallic
regions
ε(ω) = εD(ω) + εIB(ω), (1)
with the Drude part
εD(ω) = ε∞ −
ω2pl
ω(ω + iγ)
, (2)
whereby ε∞ refers to the high frequency limit and wpl
is the plasmon frequency for bulk material. Taking into
account that the free mean path is limited in small par-
ticles with radius R,16 the damping γ can be written as
a size-dependent and a constant damping part
γ(R) = A
vF
R
+ γpl. (3)
Here, γpl and vF refer to the inverse lifetime of plasmonic
oscillations and the Fermi velocity, respectively. The pa-
rameterA (∼ 1) accounts for the scattering process.17 An
even better description of size effects can be obtained by
using non–local theories.18
Note, that our description does neglect the influence of
spatial dispersion. As previously shown,19 such effects
enhance spectral shifts and structures and yield correc-
tions to field enhancement in very small metal structures
(<10nm). Such effects should be taken into account if
a more quantitative description, in particular for single,
individual structures is needed.
The interband transition part reads:20–22
εIB(ω) =
∑
i
Aiωi
(
eiΦi
ωi − ω −
i2πc
γi
+
e−iΦi
ωi + ω +
i2πc
γi
)
.
(4)
The sum indicates the number of interband transitions,
typically i ∈ {1, 2} for the considered spectral range. We
denote the transition frequencies with ωi, γi are the cor-
responding damping parameters in nm (linewidth), Φi
3TABLE I: Parameters for the dielectric functions of silver for
Eq. (1) used to fit experimental data.23
ε∞ 0.825
ωpl [eV] 9.143
γpl [eV] 0.021
A1, A2 0.313 1.329
ω1, ω2 [eV] 4.080 5.227
Φ1, Φ2 -1.372 -0.456
γ1, γ2 [nm] 0.446 2.812
vF [
nm
fs
] 1.4
denote phases and Ai are dimensionless amplitudes. Eq.
(1) is then fitted to experimental data of Ag23 to deter-
mine the individual parameters in Eqs. (2)-(4), see Table
I. For Au, this procedure has already been employed by
Etchegoin et al.,20 using experimental data for Au re-
ported in an earlier study.21
In contrast for the wavelength–dependent complex di-
electric function for the metals, the SAM layers are de-
scribed by a wavelength–independent dielectric constant
of εSAM = 2.
III. IMAGE DIPOLES APPROACH
The use of image dipoles to analytically describe the
electric field distribution at spherical particles or caps in
front of a substrate has been discussed in detail by Wind
et al..24 In this work, that approach is extended to a mul-
tilayer structure.
We simulate the roughness of the real Ag surface with a
Ag hemisphere on a Ag substrate (half plane) in front of
the other layers. In this non–concentric model a dipole
is placed in the center of a spherical region with radius
RAg, to model the response of the hemisphere in a dipole
approximation, see Fig. 1(a). To obtain a correct solu-
tion, this dipole has to be mirrored at each interface. Due
to symmetry breaking in the multilayer structure, an in-
finite number of image dipoles immediately arises when
assuming at least two interfaces, as it is the case for the
Ag electrodes as used in experiments.12
The distance of image dipoles from the hemisphere is in-
creased each time they are mirrored, which allows us to
reduce the following considerations to a finite number of
image dipoles.
It is convenient to work with a reduced, i. e. dimension-
less, potential ψ(r, ω) = − Φ(r,ω)
E0RAgAu
, where E0 denotes
the amplitude of a spatially homogeneous incident elec-
tric field. RAgAu denotes the distance from the substrate
(center of the hemisphere) to the SAM–H2O interface.
The solution of the homogeneous Poisson’s equation is
given by an expansion in associated Legendre polyno-
mials of zeroth (P 0j ) and first (P
1
j ) order. The latter ac-
counts for an additional degree of freedom (azimuthal an-
gle φ) which vanishes under full spherical symmetry. The
argument of the Legendre polynomials is displaced by
the image dipoles (virtual) coordinates in units of RAgAu,
with the original dipole at ri=0 = 0.
In general, the multipolar reduced potential in a region ǫ
(index associated with the dielectric function ε(ω) of this
region) with image dipoles at sites ri and η = cos θ (cp.
Fig. 1) reads
ψǫ(r, θ, φ) = τ ǫrη cos θ0 + δ
ǫr
√
1− η2 sin θ0 cosφ+ ψ
ǫ
0
+
∞∑
i,j=0
P 0j
(
rη − ri
|r− ri|
)[ Aǫij
|r− ri|j+1
+ A˜ǫij |r− ri|
j
]
+ cosφ
∞∑
i,j=0
P 1j
(
rη − ri
|r− ri|
)[ Bǫij
|r− ri|j+1
+ B˜ǫij |r− ri|
j
]
,
(5)
where the first line describes the direct influence of the
incident field with incident angle θ0. A
ǫ
ij , A˜
ǫ
ij and B
ǫ
ij , B˜
ǫ
ij
are the multipole coefficients, that have to be determined
by examining the related boundary conditions. They de-
scribe the two lowest modes (m = 0, 1) of the associated
Legendre polynomials Pmj . Higher modes m > 1 are
not excited by the incident field.
Since the distance of image dipoles increases every time
they are mirrored, it is justified to truncate the sum over
index i at a certain value, that depends on the number of
layers. For the coated Ag surface with two planar inter-
faces we find ten dipoles to be sufficient, whereas for the
hybrid device model we used 62 dipoles. Similarly, the
truncation limit for summing up the multipole contribu-
tions was chosen after examining the convergence of the
second sum in Eq. (5).
For setting up the electrostatic potential, it is necessary
to deduce, which image dipole enters into the potential
of a given region. The real dipole, however, influences all
regions. When mirroring the real dipole at an interface,
it is convenient to use the following mnemonic for the
virtual dipoles: The potential of each dipole “in front” of
a layer contributes to the potential describing that layer,
whereas the potential of each dipole “behind” the inter-
face does not. Thus, when an image dipole emerges from
mirroring at an interface, it is not contained in the re-
gion where it is projected into. Therefore, only the layer
embodying the original dipole is described by a poten-
tial, where all considered dipoles enter. In contrast to
the findings of Wind et al.24 for a single layer, analytic
expressions for a multilayer structure can only be derived
for a hemisphere (r0 → 0) and not for arbitrary distances
r0 of the real dipole to the substrate layer. For a layered
device however, it is necessary to consider r0 6= 0 in the
analysis.
Relations between Multipole Coefficients
When studying boundary conditions at an arbitrary
planar interface rη = z = z0, seperating the regions ǫ
4and ǫ′
ψǫ|z0 = ψ
ǫ′ |z0 , ε(ω)
∂
∂z
ψǫ|z0 = ε
′(ω)
∂
∂z
ψǫ
′
|z0 (6)
we find different kinds of relationships between the mul-
tipole coefficients for an arbitrary set of dipoles {i}i∈N.
For instance, for multipole coefficients of planar inter-
faces, that do not touch the layer with the hemisphere,
we obtain:
Aǫij =
1
2
(
Aǫ
′
ij
(
1 +
ε′
ε
)
+Aǫ
′
i+1,j
(
1−
ε′
ε
))
, (7)
Aǫi+1,j =
1
2
(
Aǫ
′
ij
(
1−
ε′
ε
)
+Aǫ
′
i+1,j
(
1 +
ε′
ε
))
. (8)
Here, i + 1 denotes the lowest order image dipole to i.
Note that in the limit of a hemisphere two such dipoles
coincide, which leads to the simple relationship:
Aǫij +A
ǫ
i+1,j = A
ǫ′
ij +A
ǫ′
i+1,j . (9)
for the outer planar regions. In that case, the field dis-
tribution of an outer planar region is just given by the
displaced field distribution of its neighbouring layer.
For planar regions touching the layers with the spherical
region (Aǫ
′
i+1,j = 0), we find
Aǫ
′
ij =
2ε
ε+ ε′
Aǫij , A
ǫ
i+1,j = (−1)
j ε− ε
′
ε+ ε′
Aǫij , (10)
using the property Pmj (−η) = (−1)
j+mPmj (η).
The coefficients of the regions within the hemisphere
match the same way, we only have to choose the proper
dielectric functions. Note that these two types of rela-
tions between the coefficients have equal resonance(s) for
vanishing ε(ω)+ε′(ω) and are determined by the three in-
ner planar regions: Ag, SAM and Au (Fig. 1). With the
relations derived above, all Aǫij , A˜
ǫ
ij (and B
ǫ
ij , B˜
ǫ
ij with
the substitution25 j −→ j+1) can be expressed in terms
of AII,o0j , describing the region II (see Fig. 1(a)) with the
original dipole outside and AII,i0j inside the spherical par-
ticle. The choice of region II is arbitrary, but it is res-
onable since Aǫ0j describes the influence of the original
dipole in region ǫ.
The coefficients Aǫij and A˜
ǫ
ij are matched via the multi-
polar polarizability of order j:
αj(ω) = R
2j+1 j(ε(ω)− ε
′(ω))
j(ε(ω) + ε′(ω)) + ε′(ω)
. (11)
In reduced coordinates r we obtain:
A˜ǫij |r− ri|
2j+1
|z0
=
(j + 1)(ε− ε′)
(ε+ ε′)j + ε′
Aǫij . (12)
The last boundary condition leads us to conditional equa-
tions to find the multipole coefficients AII,o0j , A
II,i
0j .
Final Conditional Equations
In this section we derive conditional equations for the
multipole coefficients.24 For this purpose, we use the re-
maining boundary conditions at the surface of the sphere,
i. e. r = 1, and take advantage of the properties of the
associated Legendre polynomials by multiplying with
P 0k (η) and P
1
k (η) cosφ, and integrating over the sphere.
Thus, we find separate conditional equations for the co-
efficients AII,o0j , A
II,i
0j and B
II,o
0j , B
II,i
0j .∫ 2π
0
dφ
(∫ 0
−1
dηP 0k (η)(ψ
II,o − ψII,i)|r=1
+
∫ 1
0
dηP 0k (η)(ψ
I,o − ψI,i)|r=1 = 0
)
,
(13)∫ 2π
0
dφ cosφ
(∫ 0
−1
dηP 1k (η)(ψ
II,o − ψII,i)|r=1
+
∫ 1
0
dηP 1k (η)(ψ
I,o − ψI,i)|r=1
)
= 0
(14)
and for the discontinuity of the normal component∫ 2π
0
dφ
(∫ 0
−1
dηP 0k (η)
∂
∂r
(ε1ψ
II,o − ε3ψ
II,i)|r=1
+
∫ 1
0
dηP 0k (η)
∂
∂r
(ε2ψ
I,o − ε4ψ
I,i)|r=1
)
= 0, (15)
∫ 2π
0
dφ cosφ
(∫ 0
−1
dηP 1k (η)
∂
∂r
(ε1ψ
II,o − ε3ψ
II,i)|r=1
+
∫ 1
0
dηP 1k (η)
∂
∂r
(ε2ψ
I,o − ε4ψ
I,i)|r=1
)
= 0. (16)
Integration over dφ and cosφdφ selects the multipole co-
efficients AII,o0j , A
II,i
0j and B
II,o
0j , B
II,i
0j , respectively. Note,
that θ0 is the incident angle of the electric field in the
x− y–plane.
Upon matching the boundary conditions, we have re-
duced the coefficients AII,o0j , A
II,i
0j to the original dipole
(i = 0). In this way, we obtain frequency dependent pa-
rameters, built up by the dielectric functions of the differ-
ent regions and overlap integrals of displaced associated
Legendre polynomials. The latter can only be simpli-
fied in an analytic way for the original dipole and its
lowest order image dipole. The convergence of the multi-
pole coefficients has to be verified, i. e. higher multipole
coefficients have to be sufficiently small for truncation of
the sum at j = J .
Eqs. (13)-(16) can finally be written as24∑
j
αjkA
II,o
0j +
∑
j
βjkA
II,i
0j + cos θ0γk = 0, (17)
∑
j
ιjkA
II,o
0j +
∑
j
ζjkA
II,i
0j + cos θ0κk = 0, (18)
5with frequency and geometry dependent matrix elements.
Eqs. (17), (18) are valid for an arbitrary set-up with a
single spherical region and various surrounding planar
layers. Again, for BII,o0j and B
II,i
0j we find similar expres-
sions. This set of linear equations is the starting point for
a numerical analysis. Solving these equations for J mul-
tipole coefficients yields the electrostatic potential and,
therefore, the local field enhancement:
g0 =
∣∣∣∣E(r, ω)E0
∣∣∣∣
2
=
∣∣∇(r,θ,φ)ψ(r, ω)R∣∣2 . (19)
The enhancement factor for the Raman intensity, anal-
ysed in the next chapter, is then given by g20. In a concen-
tric multilayer model, i. e. for a nanoparticle coated with
several spherical shells, no image dipoles emerge and the
electrostatic potential can be derived analytically. When
matching the boundary conditions one even finds, that
only the dipole contributions are excited.7 This leads to
a polarization field with radial symmetry, a constant field
within the core and a symmetrically distributed total
field.
IV. RESULTS
We compare the field enhancement g0 as function of
the wavelength for the two multilayer systems in both
(non–concentric in Fig. 2(a), concentric in Fig. 2(b))
models. Here, the field enhancement by the Ag–only
model is evaluated at the distance corresponding to the
SAM–H2O interface of the hybrid device RAgAu. Since
a real experiment collects the signal from different inho-
mogenities, the wavelength–dependence of g0 is averaged
over several layer thicknesses to simulate the response of
an array of different sized hemispheres, with a Gaus-
sian distribution around mean values 40± 20 nm for the
radius of the hemisphere and 16 ± 10 nm for the gold
layer. Interactions between the (hemi-) spherical struc-
tures are not included in this averaging procedure and
we obtain the mean field enhancement of non–interacting
nanostructures. For both geometries, the model affords a
sharp plasmonic resonance with comparable values (Fig.
2, solid line). Due to geometry induced effects, the wave-
length of the resonance is slightly redshifted in the non–
concentric model.
In contrast to the Ag structure, the Ag–Au hybrid de-
vice (dotted lines in Fig. 2) shows lower maximum en-
hancement but a distinctly broader enhancement profile
with much higher values compared to the Ag device upon
excitation out of the resonance in respect to the plas-
monic frequency of Ag. The overlap of broadened Ag and
Au plasmonic resonances contribute to the wavelength–
dependence of the field enhancement for the hybrid
device. Whereas in the concentric multi–shell model
(Fig. 2(b)) the wavelength–dependence seems to be al-
most uniform, in the non–concentric model (Fig. 2(a))
both contributions are well distinguishable and even
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FIG. 2: (color online) Wavelength–dependence of the field
enhancement for both devices, evaluated at the distance of
the (Au)SAM–H2O interface RAgAu. The Ag–only device ex-
hibits a sharp plasmonic resonance, whereas the hybrid device
has lower maximum values for the field enhancement inten-
sity but reveals a wide enhancement profile. This is due to an
overlap of the contributions of silver and gold resonances. The
insets show the ratio of the field enhancement of the Ag–Au
hybrid compared to the Ag–only device relative to wavelength
of the Ag plasmon resonance λ0. It can thus be seen, that the
hybrid device exceeds the maximum enhancement of the pure
Ag system by a factor up to seven.
blueshifted compared to the results of the concentric
model. Obviously, the prevalence of the Ag plasmonic
resonance in the non–concentric model is a consequence
of the symmetry breaking due to the geometry of the Ag
surface. In this low symmetry model, the field enhance-
ment is concentrated at the edge between Ag substrate
and hemisphere, see Fig. 3(a). Thus, the field enhance-
ment is restricted to the front side facing the Au layer.
In this respect, the results are reminiscent to previous
findings for a core displaced within a shell.13 For SER
spectroscopy, a spectrally broad enhancement profile is
advantageous, since it allows for a comparable field en-
hancement both at the frequency of the incident and of
the Raman scattered light.
The present calculations predict a superior optical per-
formance for hybrid devices as it is illustrated by the
insets in Fig. 2. These insets show the ratios of the field
enhancement of the Ag and Ag–Au geometries as a func-
tion of the frequency separation relative to the plasmon
6resonance of the Ag model, denoted as λ0. Again, the
results show, that already a few nanometers displaced
from the Ag resonance peak the hybrid device exceeds
the enhancement of the Ag–only device in both models.
Under these conditions, the Ag–Au hybrid structure pro-
vides field enhancement factors that are up to seven times
higher than those achieved with the Ag–only model.
Comparing to the plasmonic resonance of Au nanopar-
ticles, which is around 560 nm, the second resonance
peak in Fig. 2(a) can be attributed to the gold layer, but
is blueshifted due to geometry induced effects. Due to
the non–uniform enhancement profile of the Ag–Au hy-
brid device in the non–concentric model, the range where
the hybrid device shows higher enhancement factors is
smaller (400− 550 nm) than in the concentric model.
In our non–concentric model, see Fig. 3(a), the polariza-
tion field within the gold layer is not fully anti–parallel to
the incoming light, leading to higher enhancement factors
within the Au layer than in the concentric model. On the
other hand, the mean factor by which the hybrid device
exceeds the enhancement of the Ag support is about two
in the non–concentric model, cf. Fig. 2(a).
In Fig. 3 the spatial distribution of the normalized
field enhancement at an excitation wavelength of 413 nm
shown as a function of the reduced coordinates for the
Ag–Au hybrid device. For the non–concentric model,
the metal hemisphere is readily identified due to very
low field enhancement (dark color), which is attributed
to polarization effects inside the metal reducing the in-
coming field. The hemisphere is part of the Ag support
with its planar interface at z = 0. The edges between
the substrate and the hemisphere are sharper than the
curvature of the sphere itself, leading to a particulary
high field enhancement. The enhancement in the di-
electric gap between Ag and Au is much lower in the
non–concentric model than compared to the gap in the
concentric model. Here the field enhancement in the di-
electric spacer exceeds that at the outer Au layer.
The field in the Au layer is also influenced by a polariza-
tion field leading to low enhancements within this layer.
On top of the Au layer, however, high field enhancements
are predicted. The polarization effects within the metals
lead to an increase of field intensity at the surfaces to the
dielectric layers. In the non–concentric system the elec-
tric field is redistributed and concentrated on the dielec-
tric side of the interface. Therefore, symmetry breaking
is an important ingredient for the high field enhancement
at the surface of the devices.
In the concentric model, the strongest enhancement is
predicted parallel to the incident light field, whereas
nearly no field enhancement is calculated in perpendicu-
lar direction. This behaviour is comparable to a source of
dipole radiation, reflecting the fact that only the dipole
mode of the Legendre polynomials contributes to the
solution. In contrast, the hybrid device displays a strong
enhancement within the inner dielectric layer almost in-
dependent of the direction.
Fig. 4 presents the distance–dependent enhancement
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FIG. 3: (color online) Full spatial distribution of the field en-
hancement of the hybrid device in both models. a) In the
non–concentric model the polarization effects within the sil-
ver hemisphere lead to very low field intensities in the metal
(black). Very high field enhancement (yellow), due to LSP
states, is observed at the sharp edge between the hemisphere
and the planar silver substrate. b) In the high symmetric
model, the field enhancement is symmetrically distributed
around the coated metal nanosphere. A high enhancement
factor is achieved in the dielectric spacer (SAM), the shell be-
tween the two metals. Due to anti–parallel polarization, the
electric field in both metals is lowered.
profile for both devices at x = 0. The Ag–only sys-
tem displays a strong field enhancement at its metal-to-
dielectric interface (SAM–H2O), where two materials of
different permittivitty are in contact.
The hybrid device produces a remarkable enhancement
at the outer Au–SAM–H2O interface. The Ag core is
sufficiently excited by the incident light although a 6nm
gold layer has a transmittance of ca. 60% for excitation
wavelengthes below 500 nm.
At the attachment site for the target molecule in the
Ag–Au hybrid material, i. e. the outer (Au)SAM sur-
face, both geometric models predict a field enhancement
for λ = 413 nm that is by 63% higher than at the Ag
surface at that distance. In the concentric model, the
field enhancment for the hybrid material is about one
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FIG. 4: Spatial distribution parallel to the incident electric
field vector (z–direction) through the center of the spherical
particle at an excitation wavelength of 413 nm. The thickness
of the gold layer, the SAM and the Ag core radius are 6 nm,
2 nm and 40 nm, respectively. Both models show low field
enhancement within the Ag core due to a polarization field
inside the metal. a) The non–concentric model is consistent
with experimental observations11,12, i. e. an enhancement fac-
tor at the outer Au–SAM surface that is comparable to that
at the SAM–coated Ag–only device. Within the planar Au
layer the polarization field is not fully anti–parallel leading to
higher field strength close to the hemisphere. b) The concen-
tric model predicts a high excitation at the Ag core but far
lower enhancements at the outer Au surface. The maximum
values at the core itself are higher here, since in this model
the curvature of the spherical particle is the sharpest, pro-
ducing highest enhancement factors. Due to high symmetry
also within the gold layer an anti–parallel polarization field is
established. The strong reduction of the field intensity leads
to a reduced enhancement at the Au–SAM–H2O interface.
third smaller compared directly to the SAM–H2O inter-
face of the Ag surface, but of comparable values in the
image dipoles approach, which agrees with the findings
in recent experiments.12 The local field within the hemi-
sphere is not constant as in the concentric model and, due
to symmetry breaking, the field enhancement at the inner
dielectric spacer is not as high between the two metals
as in the concentric model. The polarization field within
the Au layer, that reduces the electric field in the metals,
is fully anti–parallel in the concentric model in contrast
to the image dipoles approach, where the enhancement
factors within the Au layer are higher.
The field enhancement is limited to the dielectric region
between the metal layers, the localized surface plasmons
(LSP) form a gap mode. The optical energy is then me-
diated through the Au layer and high field enhancement
is additionally produced at the outer Au surface.
Under off–resonant excitation (Fig. 2), the field enhance-
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FIG. 5: For the non–concentric model the spatial distribution
at both devices is displayed for different excitation frequen-
cies: 2.85 eV (ca. 413 nm), 2.6 eV (453 nm), 2.29 eV (514 nm)
and 1.86 eV (634 nm). For sake of clarity, we show only two
traces for the hybrid device. (a) SAM–coated Ag electrode
in aqueous solution: Ag(R=40 nm)-SAM(d=2 nm)-H2O. (b)
Ag–Au hybrid device: Ag(40 nm)-SAM(2 nm)-Au(6 nm)-
SAM(2 nm)-H2O. Both devices reveal similar field enhance-
ment factors at their respective SAM–H2O interfaces.
ment and thus the predicted Raman enhancement (∼ g20)
of the hybrid device at the molecule attachment site is
even higher. In Fig. 5 the spatial field distribution of
the two devices12 is presented for different excitation fre-
quencies.
For the layered hybrid device, the dependence on differ-
ent layer thicknesses is particularly instructive for guid-
ing the de–nevo design of efficient SER–active materials
(Fig. 6). With growing Ag core size the field enhance-
ment increases approaching a saturation for R ≈ 120nm.
The enhancement gradient is affected by the thickness of
the Au layer, for which optimum values are 2 to 5 nm,
for a fixed SAM thickness of 2 nm.
The thickness of the inner dielectric spacer strongly af-
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FIG. 6: Field enhancement factor of the Ag–Au hybrid device
as a function of the various layer thicknesses and different core
sizes, evaluated for an excitation wavelength of 413 nm.
fects the enhancement, due to the formation of the LSP
modes between the metallic layers. For small radii of the
Ag core an optimum enhancement can be found around
5 nm. The distance between the two metal layers deter-
mines the mediation of optical energy via plasmonic exci-
tation. It can also be concluded that two metals in direct
contact still show a non-vanishing enhancement. Then
the plasmonic excitation of a coated metallic nanoparti-
cle with an effective dielectric function can be assumed.
The outer dielectric layer (inset in Fig. 6(b)) shows no
special features. It is comparable to the pure Ag sur-
face with increasing outer SAM layer with equal distance
dependence (g20 ∼ d
−12).
V. CONCLUSION AND OUTLOOK
The Ag-Au hybrid devices treated in this work display
a spectrally borader enhancement profile as compared to
the pure Ag systems that exhibit a single, sharp plas-
monic resonance peak. The additional metallic layer in
the Ag–Au hybrid devices is able to efficiently transport
the optical energy, due to polarization effects within the
metals, to spatial distances farther away from the active
silver surface, up to several tenth of nanometers.
In a concentric model, the hybrid device reveals an en-
hancement exceeding that of the pure Ag system by a
factor of two to seven, depending on the spectral sepa-
ration with respect to the Ag plasmon resonance peak.
The dependence on the different layer thicknesses enables
us to suggest optimal coating sizes. For example, a di-
electric layer with high permittivity and a rather thin Au
coating yields a stronger enhancement.
In the spherical model an extension to multiple coatings
is straightforward. Within this approach only dipole con-
tributions are non–vanishing and different configurations
require a change in dielectric functions and radii only.
The image dipoles approach provides a description with
non–vanishing excitation of higher multipoles for non–
spherical geometry. Symmetry breaking due to surface
defects leads to higher enhancement factors at the sur-
face of the Ag–Au hybrid compared to the Ag device.
The most important difference refers to the polarization
field within the planar Au layer that is not fully anti–
parallel and, therefore, does not significantly attenuate
the field enhancement.
It has been shown, that this approach predicts compa-
rable enhancement factors at the outer surfaces of both
devices in a non–concentric geometry. Our results are in
agreement with recent experimental results.12
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